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Editor: D. BarceloAlthough microplastics are a recognised pollutant in marine environments, less attention has been directed to-
wards freshwater ecosystems despite their greater proximity to possible plastic sources. Here, we quantify the
presence of microplastic particles (MPs) in river organisms upstream and downstream of five UK Wastewater
TreatmentWorks (WwTWs). MPs were identified in approximately 50% of macroinvertebrate samples collected
(Baetidae, Heptageniidae andHydropsychidae) at concentrations up to 0.14MPmg tissue−1 and they occurred at
all sites. MP abundancewas associatedwithmacroinvertebrate biomass and taxonomic family, butMPs occurred
independently of feeding guild and biological traits such as habitat affinity and ecological niche. There was no in-
crease in plastic ingestion downstream ofWwTWdischarges averaged across sites, but MP abundance inmacro-
invertebratesmarginally increasedwhere effluent discharges contributedmore to total runoff and declined with
increasing river discharge. The ubiquity of microplastics within macroinvertebrates in this case study reveals a
potential risk from MPs entering riverine food webs through at least two pathways, involving detritivory and
filter-feeding, and we recommend closer attention to freshwater ecosystems in future research.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).Keywords:
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Rivers1. Introduction
Microplastics (particles b5 mm) constitute a major potential threat
to global aquatic ecosystems (Avio et al., 2017), with a widespread dis-
tribution (Barnes et al., 2009), and a wealth of literature demonstratingiff University, Wales CF10 3AX,
or).
. This is an open access article underecological effects (e.g. Wright et al., 2013a). Laboratory and field assess-
ments show that the ingestion and translocation of microplastic parti-
cles (MPs) can affect aquatic organisms (Wright et al., 2013b)
including zooplankton (Cole et al., 2013), invertebrates (von Moos
et al., 2012), fish (Lusher et al., 2013) and birds (Provencher et al.,
2014). Overwhelmingly, however, research has focused on marine eco-
systems and organisms rather than on the freshwater ecosystems that
are linked more closely to terrestrial microplastic sources (see Wagner
et al., 2014; Eerkes-Medrano et al., 2015; Wagner and Lambert, 2017).the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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et al., 2011) and degrading macroplastics whose origins are concen-
trated on land (Jambeck et al., 2015). From there, a major component
of the flux of terrestrially derived plastic particles into marine environ-
ments is likely to arise from Wastewater Treatment Works (WwTWs)
or associated storm overflow systems that discharge into rivers (Mani
et al., 2015).
Studies assessing plastic contaminants in freshwater environments
have focused on organisms occupying the higher trophic levels of food
webs, such as fish (e.g. Foekema et al., 2013; Sanchez et al., 2014) but
a few recent studies have identified the ingestion of microplastics by
freshwater invertebrates, including Tubificid worms, Gammarus pulex
and Hyalella azteca (Hurley et al., 2017; Weber et al., 2018; Redondo-
Hasselerharm et al., 2018). Controlled exposures of freshwater inverte-
brates (G. pulex, H. Azteca, Asellus aquaticus, Sphaerium corneum and
Tubifex spp.) to MPs have exhibited no overt toxicity for environmen-
tally relevant concentrations (Redondo-Hasselerharm et al., 2018) and
a meta-analysis of published studies indicates relatively few negative
impacts of microplastic exposure in fish and invertebrates (Foley et al.,
2018). Previous studies, however, have focused predominantly on
broad scale or (e.g. growth, reproduction and feeding) lethal endpoints
(survival andmortality) or have been conducted for short exposure du-
rations (28 days). Thus, chronic effects across a range of more subtle bi-
ological endpoints may still present a health risk to invertebrates. A
more comprehensive understanding on the ingestion of microplastics
by riverine macroinvertebrates is needed given their frequent position
as primary consumers supporting riverine foodwebs and their potential
use for determining the origins and entry points of MPs in freshwater
food webs.
Microplastic concentration and bioavailability in rivers is likely to be
affected by factors that include upstream land-use, urban runoff, rela-
tive volumes of discharged effluent from point wastewater sources
and local hydraulics that determine entrainment or deposition
(Nizzetto et al., 2016; Besseling et al., 2017; Nel et al., 2018). Recent
studies have indicated the existence of high concentrations of
microplastics in river sediments (Hurley et al., 2018), but they have
also shown the significant removal of MPs from river sediments in re-
sponse to floods. These physical factors influencing the occurrence and
abundance of microplastics within the environment will determine
the likelihood of ingestion by aquatic organisms, particularly those
whose feeding traits involve either ingesting organic particles from
the benthos or by filtering material contained in the water column
(e.g. Wright et al., 2013b). Other biotic factors such as organism size,
mouthpart morphology and gut recharge rate may also influence both
MP ingestion and retention. Thus, the presence of microplastics within
the biotic components of freshwater food webs is likely to be related
to a combination of biotic and abiotic factors.
Once ingested, microplastics can affect aquatic organisms in various
ways (Wright et al., 2013a; Scherer et al., 2017). The presence of
microplastics in the digestive tract, for example, has the potential to in-
hibit nutrient absorption and reduce; (i) consumption of resources, (ii)
growth, (iii) reproduction and (iv) survival (Lee et al., 2013; Wright
et al., 2013a; Au et al., 2015; Cole et al., 2015; Lei et al., 2018). These bi-
ological effects have been reported for marine polychaete worms and
bivalves, but only for exposure concentrations far exceeding those
found in natural environments (Lenz et al., 2016). MPs can also harbour
polychlorinated biphenyls (PCBs) and other xenobiotic pollutants that
adsorb onto their surface, thereby providing routes for secondary toxic-
ity (Besseling et al., 2013; Ziccardi et al., 2016) and potentiating the ef-
fects of toxic chemicals (Syberg et al., 2017). All of these effects indicate
both potential MP risks to individual organisms, and also potential
emergent effects on ecosystem function that require investigation
(Thompson et al., 2009).
This paper reports onmicroplastic ingestion by riverinemacroinver-
tebrates aroundfiveWastewater TreatmentWorks (WwTWs) along the
Rivers Taff, Usk and Wye in South Wales (UK). In particular, we:(i) assessed the presence of microplastics within the bodies of macroin-
vertebrates from two contrasting feeding guilds (benthic grazers/
detritivores vs filter feeders); (ii) determined whether microplastics
are ingested and/or excreted; and (iii) explored the influences on
microplastic ingestion across macroinvertebrate taxa.
2. Materials and methods
2.1. Sample sites
The SouthWales valleys once held some of themost pollutedwater-
courses in Europe, with over 70% of rivers classed as grossly polluted.
Despite major recovery, there is continued contamination near to
urban centres from both macronutrients and complex organic sub-
stances (Vaughan and Ormerod, 2012; Morrissey et al., 2013a, 2013b).
The Taff catchment is representative of highly urbanised river systems
within South Wales. The adjacent Usk and Wye systems drain more
rural catchments that were never grossly polluted, but still maintain
some urban drainage. Across these catchments five WwTWs were se-
lected along a gradient of effluent input, river discharges and potential
MP exposure (Fig. 1; Table S1). At each location, macroinvertebrates
were collected (June–July 2016) from two 20 m reaches respectively
within 200–1000 m upstream and downstream of WwTW outflows.
Upstream sample locations were all a minimum of 5 km downstream
of proximal upstream point-sources of pollution (e.g. WwTW dis-
charges and industrial outflows).
2.2. Environmental characterisation
Stream chemistry at each site was assessed during the macroinver-
tebrate collection period through spot measurements of pH, electrical
conductivity (EC), total dissolved solids (TDS) and water temperature
(HI-9813-5; Hannah Instruments, UK). River discharge was calculated
from gauging stations within 2 km of each sample site and collated as
mean daily discharge (m3 day−1) using 5-yr data from Natural Re-
sources Wales (NRW), the State regulatory organisation. Consented ef-
fluent discharges for WwTWs were derived from NRW secondary data
(Licence No. ATI-10578a) and dry weather flow (m3 day−1) was col-
lated. The ratio of daily WwTW effluent discharge to river discharge
was calculated to assess the relative dilution of these effluent inputs
and to understand the potential effects of point source effluent dilution
on microplastic interactions with freshwater organisms.
Geographical Information Systems (GISs) were used to derive land
use cover upstream of sites using ArcGIS software (version 10.2.2).
Phase 1 JNCC habitat classification data for theUK (JNNC, 2010), coupled
with flow network data from the NERC Centre for Ecology and Hydrol-
ogy (CEH) (Licence no. 16122014), were processed using the Spatial
Tools for the Analysis of River Systems (STARS) package (Peterson and
Ver Hoef, 2014). This package allowed for calculation of cumulative
area of land cover within contributing sub-catchments upstream of
sample sites (see Peterson et al., 2006).
2.3. Macroinvertebrate sampling
We investigated three abundant macroinvertebrate families from
two orders (Ephemeroptera and Trichoptera): Heptageniidae, Baetidae
and Hydropsychidae. Heptageniidae and Baetidae mayflies feed pre-
dominantly upon benthic algae and fine amorphous particles within
river systems, whereas hydropsychid caddisflies are generalist filter-
feeders (Tachet et al., 2002). In each sample reach, 18 individuals of
each taxon were collected using a validated method of intensive kick
sampling and hand-searching (Bradley andOrmerod, 2002). The excep-
tions to thiswere for one sample site on theWye (W2), and a site on the
Usk (U2),where a limited abundance of Baetidae andHeptageniidae, re-
spectively, precluded these taxa from microplastic analyses. Macroin-
vertebrate individuals were identified in the field and individuals of
Fig. 1. Location of sample sites across SouthWales. Taff (T1, T2), Usk (U2,U3) andWye (W2) river catchments. Site labels reflect a coding scheme adopted for awider distribution of sample
sites across South Wales.
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(i) immediately fixed in 70% ethanol to prevented gut content excretion
or (ii) placed into glass vials (200 ml), filled with river water.
Unpreserved sampleswere transported to the laboratory at stream tem-
perature (8–14 °C), where they were kept at ~4 °C for 24 h to allow gut
clearance (Brooke et al., 1996) before also being fixed in 70% ethanol.
For both sets of samples (preserved and gut-cleared), the biomass
(mg dry weight) of each individual macroinvertebrate was determined
from measurements of head-capsule width and body length using
length-biomass conversion equations (e.g. Towers et al., 1994). Three
individuals of each macroinvertebrate family collected were then
pooled together to provide composite samples for microplastic analy-
ses. Henceforth, composite samples are simply referred to as ‘samples’.2.4. Microplastic processing
The processing of macroinvertebrate samples followed a similar
methodology to that detailed in Avio et al. (2015). Briefly, composite
macroinvertebrate samples were initially rinsed with filtered deionised
water to remove any exterior MPs. Samples were then homogenised
with a mortar and pestle and subsequently mixed with 50 ml of hyper-
saline solution (1.2 g cm−3). The solutions were filtered and decanted
into 50 mm petri dishes containing 20 ml of 15% hydrogen peroxide
(H2O2) solution where they were left at 25 °C for 48 h to allow pigment
and chitin degradation before further microscopic analysis. As
microplastic contamination from external sources (e.g. solutions used
for the animal processing and worker clothing) provide a major poten-
tial source of error (Foekema et al., 2013), all deionised water and hy-
persaline solutions were pre-filtered (0.45 μm cellulose filter) and all
pre-processing was completed in a laminar flow cabinet. Cotton labora-
tory coats and nitrile gloves were utilised at every stage of processing to
further prevent contamination. Finally, an assessment of exogenous
contamination present as a result of processing procedures was com-
pleted using control blanks prior to analysis. In all control assessments
a low number of particles were observed and particles similar to those
identified within controls (predominantly white cotton fibres) were
eliminated from further analyses.2.5. Microscopy and spectroscopy
We used a tandem microscopy technique to identify and count
microplastics in processed macroinvertebrate samples. Light-
microscopy (Leica EZ4, Wetzlar, Germany) was used initially to scan
each sample and identify suspected microplastics (0.5–5 mm). Visual
analyseswere completed following Löder andGerdts (2015), who dem-
onstrated that for particles over 0.5 mm, visual analyses were suitable
for identification. Samples were then analysed using light microscopy,
bright- and dark-field spectroscopy (Olympus BX40, Tokyo, Japan) to
confirm microplastic identification (Fig. 2) and distinguish plastic
from natural particles based on physical and structural features (e.g.
presence of cell structures, homogenous structure and uniform reflec-
tance). The spectra obtained were compared against reference
microplastic material collected from a range of sources and criteria
were used to identify plastic particles (see Fig. S1 and Table S2). Finally,
the total abundance of MPs within each sample was determined.
2.6. Statistical analysis
The likelihood of occurrence (binomial, 0–1), abundance (count, 0–6
MPs) and concentration (MP mg tissue−1, 0–0.14) of microplastics
within composite macroinvertebrate samples was investigated using
‘R’ (version 3.2.3) (R Core Team, 2015). Prior to specific analysis a series
of exploratory statistical assessments analysed data structure and
guided further statistical methodology (as detailed in Zuur et al.,
2010) depending on normality, heteroscedasticity and outliers. Gener-
alised Linear Models (GLMs) and Generalised Linear Mixed Models
(GLMMs), the latter fitted using the package ‘lme4’ (Bates et al.,
2015), were used to account for negatively skewed data (Bolker et al.,
2009; Zuur et al., 2009). Binomial distribution models were used to as-
sess the presence of plastic within samples, with log and square-root
transformed abundance and concentration data analysed using Gauss-
ian distributions. Where appropriate, random effects were included in
models to control for site-associated variation, location in relation to
WwTW outflows and sample type (gut contents present or absent).
Model validation, following the approaches of Zuur et al. (2007), and
Thomas et al. (2015), was conducted to assess model validity and
Fig. 2. Images frommicroplastic dark-field spectroscopic analyses at various magnifications. A and B=MPs; C=Microplastic fibre. Images captured using an Olympus BX40microscope
(Tokyo, Japan).
71F.M. Windsor et al. / Science of the Total Environment 646 (2019) 68–74accuracy. The residual normality was assessed using QQ plots, homoge-
neity of variance was determined by plotting residuals against fitted
values, and influential observations were investigated using Cook's le-
verage distances.3. Results
3.1. Site effects on microplastics in macroinvertebrates
Microplastics were present in invertebrate samples at all sites, both
upstream and downstreamofWwTWs (Fig. 3). The site-averaged likeli-
hood ofmicroplastic presence across sampleswas significant, yet highly
variable across sites (R2c = 0.15, F4,150 = 3.60, p = 0.007) largely be-
cause of large pairwise differences and lower occurrence at W2
(Fig. 4). Microplastic abundance within macroinvertebrates varied
more systematically, both overall and in pairwise comparisons (R2c =
0.16, F4,149 = 3.66, p = 0.002).
Both MP presence (R2c = 0.12. F1,152 = 10.821, p = 0.001) and
abundance varied with river discharge (i.e. flow volume) across sites
(R2c = 0.15, F1,151 = 6.15, p = 0.024), with the abundance of ingested
microplastics decreasing with increasing river discharge (−0.015 ±
0.006MPsm3 s−1). Yet again,models only explained a small proportion
of variation in the data.
Land use upstream of the sample location did not appear to have an
effect on the likelihood of MP presence or abundance (p N 0.05, in all
cases), nor did it increase explanatory power in GLMMs. However, the
ratio of effluent to river discharge downstream of WwTW outflows as-
sociated with increased MP abundance (R2c = 0.19, F2,85 = 16.42, p b
0.0001).3.2. Gut clearance effects
Microplastic presence was significantly reduced in macroinverte-
brates when gut contents were evacuated (−0.97 ± 0.35, z =−2.80,
p = 0.005) compared with non-evacuated samples (R2c = 0.14, F1,149
= 8.05, p = 0.004). Similarly, the relative abundance of microplastics
was significantly reduced where macroinvertebrates had been allowed
to evacuate gut contents naturally (R2c = 0.14, F1,149 = 12.90, p b
0.0001; t =−3.67, p b 0.0001; Fig. 5).3.3. Taxonomic and guild effects
Taxonomic identity,macroinvertebrate biomass and interactions be-
tween the two, explained significant variations in microplastic abun-
dance across macroinvertebrate samples (R2c = 0.35, F2,147 = 66.73, p
b 0.0001). Pairwise differences between taxa were significant (z2,147
= 15.92, p = 0.001), with baetid mayflies containing a lower abun-
dance of microplastics than either the Heptageniidae (F2,147 = 2.74, p
= 0.006) or Hydropsychidae (F2,147 = 2.33, p = 0.019). Microplastic
abundance was also positively related to biomass (F1,147 = 4.35, p b
0.0001). Biomass relationships differed among macroinvertebrate taxa
(F = 4.12, p = 0.017), such that the Heptageniidae contained a greater
abundance of MPs mg−1, in comparison to both Baetidae and
Hydropsychidae, due to the greater mass of individuals within this
taxon.
Macroinvertebrate feeding guild did not influence the presence (R2c
= 0.15, F1,151 = 2.13, p = 0.15) or abundance of MPs within macroin-
vertebrate samples (R2c = 0.08, F1,151 = 0.621, p = 0.535), implying
that grazer/detrivores and filter-feeders both ingest microplastic.
Fig. 3. Microplastic concentrations (MP mg−1) for macroinvertebrate families across
sample sites. Taff (T1, T2), Usk (U2, U3) and Wye (W2) river catchments. A =
comparisons between upstream and downstream sample sites at each location; B =
comparisons between taxa collected at each site (pooled based on absence of significant
difference in A). Bars indicate mean values and error bars are ±1 standard error.
Fig. 4. Pairwise comparisons of microplastic presence within macroinvertebrates across
sample sites. Comparisons of microplastic presence probabilities in invertebrates from
GLMM analysis. Effect sizes and p values were derived post-hoc using pairwise Wald-
tests. p-Values are reported within the corresponding cells. Colour indicates the
magnitude and direction of the effect size, calculated based on row-column comparisons.
Fig. 5.Microplastic abundance in macroinvertebrate samples with evacuated and non-
evacuated gut contents. Substantial gut clearance was assumed after macroinvertebrates
have been kept for 24 h in 4 °C stream water; after Brooke et al. (1996). Bars indicate
mean values and error bars are ±1 standard error.
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Microplastics occurred inmacroinvertebrates at all sites in the study,
indicative of the high levels of litter and plastic pollution within these
catchments and consistent with near-urban river systems more widely
(Jambeck et al., 2015; Duis and Coors, 2016). Although there is a
recognised caveat in that visual analysis can overestimate microplastic
abundance, the data are unequivocal in indicating that plastic particles
are entering freshwater food webs from basal levels. This further high-
lights the potential risks of microplastic pollution to freshwater organ-
isms and ecosystems. In the discussion that follows, we address
environmental and biological factors affecting MP entry into food
webs, speculate about the possible consequences, and identify impor-
tant gaps in for further research on freshwater ecosystems.
Flow dynamics in rivers are likely to affect the interaction between
MPs and freshwater organisms, and one of the most interesting aspects
of our data was the lack of a clear association between putative sources
inWwTWs andMP occurrence in macroinvertebrates. One possible ex-
planation is that flow dilution could affect microplastic bioavailability.
This is consistent with patterns in other xenobiotic pollutants where
lower dilution can increase contamination risk and the likelihood of bio-
accumulation (Dris et al., 2015a). In these South Wales catchments, di-
lution – specifically the high ratio of river flow to effluent discharge –
might have obscured WwTWs as pollution sources (see Lechner and
Ramler, 2015). Such dilution effectsmight be compoundedwhere emis-
sions of microplastics from WwTW outflows relative to background
sources are small per unit water volume. Murphy et al. (2016), for ex-
ample, demonstrated MP removal rates of over 98% at a WwTWs
(650,000 population equivalent) resulting in a relatively low emission
concentrations (0.25 MP L−1). Even at such low concentrations, how-
ever, absolute emission rates per day can still reach 65 million MP par-
ticles (Murphy et al., 2016). An alternative explanation for the patterns
in our data, therefore, is that other MP sources couldmask localWwWT
effects on ingestion of plastics by freshwater organisms. Macroplastics
can enter river systems diffusely from litter such food wrappers, plastic
bottles and plastic cutlery (Dris et al., 2015b), and provide a diffuse
source of microplastics. Potentiallymore important are a range of direct
73F.M. Windsor et al. / Science of the Total Environment 646 (2019) 68–74microplastic sources such as abraded road paints, textiles, and vehicle
tyres that occur diffusely across river catchment ecosystems. For exam-
ple, road run-off or combined sewer overflows that by-pass wastewater
treatment may contribute to microplastics in the environment. Until
such sources orflowpaths are quantified and linked to specific biological
effects, the optimum strategies for remediating aquatic microplastic
pollution will be difficult to identify (Siegfried et al., 2017).
Turning to the biological factors that might affect the occurrence of
microplastics in organisms, microplastic ingestion by macroinverte-
brates did not reflect feeding behaviour, with both filter-feeding and
grazing taxa having similar microplastics abundance. This non species-
specificMP ingestion across three invertebrate taxa indicates the poten-
tial for widespread entry of microplastics at the lower trophic levels of
riverine food webs. The ingestion of microplastics, however, is not
fully explained simply by the abundance of MPs, and depends on the
characteristics of MPs (e.g. size, density, shape and polymer type), as
well as biological factors and life history traits (Sidney et al., 2016).
Some taxamay actively ingestMPs through the selection of specific par-
ticles, whereas others may accidentally ingest plastics during feeding.
For example, sediment ingesting taxa such as Lumbricidae may be
more likely to inadvertently ingest MPs, whereas filter-feeding taxa
may select MPs based upon their relative dimensions. Furthermore,
the characteristics of MPs may dictate their distribution (vertical and
horizontal) within river systems, and therefore the bioavailability of
MPs. A range of different characteristics are likely responsible, including
density, shape and surface-area to volume ratios. Modelling studies
have indicated the potentially limited role of particle density in
partitioning MPs within river systems (Besseling et al., 2017). The rela-
tive importance of otherMP characteristics, however, remain unknown.
Biological traits, such as habitat affinity, may also be responsible for ob-
served differences, with reduced presence of microplastics in Baetidae
suggesting that organisms inhabiting water columns, are less likely to
encounter and ingest microplastics. Hydropsychidae and
Heptageniidae, on the other hand, are typical of coarse sediment and
subsurface environments (Tachet et al., 2002), and hence habitats
within which MPs are likely to aggregate and be retained (Besseling
et al., 2017). Care is needed, however, in extrapolating from taxa in
this study to other invertebrates, and we advocate a more comprehen-
sive analysis of the influence of biological traits on microplastic
ingestion.
Once incorporated within food webs, the transfer of MPs may pres-
ent a risk to secondary consumers. Trophic transfers of microplastics
have so far only been identified within marine systems (Nelms et al.,
2018), where analyses of microplastics indicate an increased likelihood
of occurrence and greater abundance of microplastics at higher trophic
levels (Nelms et al., 2018). In contrast, the trophic cascading of MPs in
freshwater ecosystems has scarcely been investigated. Although our
findings indicate the initial entry of MPs into the lower trophic levels
of riverine food webs, microplastics are now observed in the guts of
predatory fish in UK river systems (Horton et al., 2018). Further
biomagnification within food webs is likely to be affected by MP eges-
tion rates, for example if the majority of ingested microplastics is
egested rather transferred through food webs, but available data are
scarce. Our work shows that such egestion can occur, but someMP res-
idues clearly persisted in our samples.
Beyond illustrating the microplastics are entering freshwater eco-
systems, probably from both diffuse and point sources, available re-
search does yet offer an effective assessment of their ecological risks
in running or standing waters. A range of direct and indirect biological
effects of microplastic ingestion are possible (Lee et al., 2013; Wright
et al., 2013a; Au et al., 2015; Cole et al., 2015) but most investigations
lack environmental realism (Lenz et al., 2016). The concentration and
size of MPs utilised in controlled exposure studies generally do not cor-
respond to those observed in field-based studies of natural systems
(Phuong et al., 2016). As a result, the direct effects of MPs, such as the
blockage of digestive tracts, could easily be overestimated, whilemeasurements of indirect effects such as the transfer of xenobiotic pol-
lutants from plastic to organisms might not be accurately assessed. As
shown by Koelmans et al. (2016) when the results of existing studies
are adjusted to simulate environmentally relevant concentrations of
MPs, pollutant ingestion from prey tissues items could well constitute
a greater toxic risk than microplastics. Similarly, experimental assess-
ments onGammarus pulex demonstrate a low likelihood of effects on in-
dividuals, with no observed effects derived from the ingestion of
polyethylene terephthalate particles (10–150 μm) (Weber et al.,
2018). These limited effects are corroborated from experiments
assessing the effects of microplastics on other freshwater invertebrates,
with no effects observed for any taxon or any biological endpoint with
the exception of reduced growth in G. pulex (Redondo-Hasselerharm
et al., 2018). However, with such a dearth of data on the occurrence,
concentrations or possible mechanisms of microplastic effects on fresh-
water invertebrates, the understanding of ecological risk is seriously
limited.
In conclusion, our data demonstrate the presence of microplastics in
multiple species of riverine macroinvertebrates thereby highlighting a
potential risk in freshwater ecosystems, and signposting the need for
further work. In particular, research is required to link target organisms
to the sources and fluxes of plastics, to assess the transfer of
microplastics within freshwater food webs, and to guide remediation
from the basis of amore complete biological risk assessment than is cur-
rently available for any freshwater ecosystems.
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